Abstract: We present the design, fabrication, and experimental characterization of silicon nitride based medium-index contrast gratings on glass substrate for fluorescence enhancement in the yellow to red spectral range with resonances for both incident excitation and fluorescence emission wavelengths under surface normal incidence. A comparison of the design space to realize resonant field enhancement in high-index contrast silicon and medium-index contrast silicon nitride grating structures is presented. The one-dimensional sub-wavelength grating structures studied here are designed with large duty cycle (∼80%) to account for the medium refractive index contrast ( n ∼ 0.5) between silicon nitride and the glass substrate to ensure that the device operates in the two-mode regime. The resonant enhancement of fluorescence is experimentally verified using rhodamine-B isothiocyanate dye as the fluorophore of interest. A resonant enhancement of 10.8 times is demonstrated in this sample when compared to un-patterned film for transverse electric-transverse magnetic (TE-TM) polarization combination. We have also performed simulation study with plane wave excitation and incoherent dipole array emission to model the resonant excitation and emission processes, respectively. The simulations corroborate well with the best observed experimental results for the doubly resonant fluorescence configuration. Silicon nitride based medium contrast gratings are a promising platform to fabricate scalable structures for resonant enhancement of light-matter interaction with potential applications in high-sensitivity biological fluorescence assays and as a platform for polarization selective interrogation of light emission from nanoscale emitters attached to the grating.
Introduction
Photonic structures that enhance light-matter interaction at the sub-wavelength scale are attractive for high sensitivity optical sensors based on refractive index sensing, light absorption and emission modalities [1] . In particular, fluorescence emission-based sensing at low analyte concentration by making use of optical resonance phenomenon in plasmonic [2] - [4] and dielectric structures [5] , [6] has been pursued actively. Such structures find applications in high sensitivity enzymelinked fluorescence assays (ELFA) for low concentration detection of bio-markers [7] . Large area photonic crystal structures composed of one-dimensional sub-wavelength patterns of polymers or glass with deposited Titanium dioxide (TiO 2 ) thin films have been used successfully to create high quality factor guided-mode resonances (GMR) with multifold enhancement in fluorescence [5] . Such structures have also been used to create dual excitation resonances at different incidence angles for multiplexed fluorescence assays [6] . The fluorescence assays with polymer layers are inherently limited by the fluorescence exhibited by the polymer material. The use of sputtered TiO 2 layers on patterned quartz substrates minimizes the background fluorescence, however the limited technology to deposit thick layers of optical quality TiO 2 or etch TiO 2 structures with good quality sidewalls limits the design space of such GMR structures.
Silicon based sub-wavelength grating structures comprising of fully etched high index gratings on low-index substrates, called high-contrast gratings (HCGs) have been used to create robust resonant devices for applications such as laser end-mirrors, broad-band filter and as refractive index sensors [8] . Such resonant structures operate in the so-called dual-mode sub-wavelength grating region leading to intricate resonant features due to the mutual interference and interaction of the oscillating super-modes at the grating interfaces [8] . However, silicon based resonant structures exhibit low efficiency for fluorescence sensing applications owing to the large absorption coefficient of silicon in the visible region. Silicon nitride on the other hand offers an alternate platform with medium refractive index contrast with respect to glass substrates, low absorption window in the visible region and can also be fabricated into sub-wavelength grating structures with characteristic resonance properties. Silicon nitride sub-wavelength grating structures have been used previously for guided-mode resonance filters [9] , refractive index sensing [10] and resonant enhancement of nonlinear harmonic generation [11] . Inherent photoluminescence from silicon nitride films has also been minimized by optimizing the thin-film deposition and annealing process [12] . Such structures being compatible with silicon fabrication are also amenable to large scale fabrication using standard silicon processing techniques.
In this paper, we report the design, fabrication and experimental characterization of silicon nitride sub-wavelength gratings on glass substrates (termed as medium-contrast gratings or MCGs) and demonstrate its applications for resonant enhancement of fluorescence in the yellow-to-red spectral region. To achieve a prominent dual-mode interaction region in such structures, gratings were designed with an increased duty cycle leading to higher effective refractive index for the gratings, resulting in well-defined resonant features. The structures designed here are polarizationdependent due to its 1D periodicity [8] and are doubly-resonant for excitation at transverse electric (TE) polarization and emission at transverse magnetic (TM) polarization. Throughout the paper, the electric field directions parallel and perpendicular to the gratings are termed as TE and TM polarizations respectively. The enhancement of fluorescence was ascertained by functionalizing the surface with Rhodamine-B isothiocyanate (RITC), with maximum fluorescence enhancement of 10.8 obtained experimentally for excitation and emission at TE and TM polarization respectively, when compared to un-patterned thin films functionalized with the fluorophores. The enhancement obtained is further simulated by modelling the fluorescence process using incoherent summation of dipole emitters taking into account the effect of the grating structure in enhancing both the excitation and emission resonant fields. Doubly resonant fluorescence structures as discussed here can find potential applications in high-sensitivity fluorescence assays for biological applications [7] and for studying polarization-selective nano-scale emitter-structure interaction, for example in low-dimensional materials, such as emerging two-dimensional layered materials [13] .
Design of Silicon Nitride MCG for Fluorescence Applications
It is instructive to compare the performance of sub-wavelength gratings comprising of highindex contrast silicon with the medium-index contrast silicon nitride structures on glass substrates to understand the design space as a function of the refractive index contrast. A schematic of the one-dimensional, fully-etched sub-wavelength gratings studied here is shown in Fig. 1(a) with the TE and TM polarization directions for normal incidence excitation. The transmission contour for 50% duty cycle (( -a)/ = 0.5) silicon HCGs and silicon nitride MCGs on glass substrate simulated using Rigorous coupled-wave analysis (RCWA) simulation tool, S4 [14] is illustrated in Fig. 1(b) -(e) as a function of the normalized wavelength and normalized structure height (normalized by the grating period). The dual-mode region spans the spectral region shown by arrows 1 and 2 in the figure with arrow 1 denoting the transition from sub-wavelength grating regime to higher order diffraction regime and arrow 2 denoting the transition from sub-wavelength grating regime to deep sub-wavelength regime, in which the gratings acts as an effective index medium [8] .
Comparing figure 1(b) , (c) and (d), (e), it is clear that the spectral window over which the dual-mode region is observed is narrower for the silicon nitride structure when compared to silicon structures due to the medium index contrast between the grating layer and the glass substrate. Increasing the effective refractive index of the grating layer is expected to widen the dual-mode spectral window in the case of silicon nitride structures. This is accomplished by increasing the width of the silicon nitride gratings at the expense of the air-gap for a fixed grating pitch. Similar transmission contour plots have been shown in Ref. [10] for silicon nitride gratings with duty cycle of 70%. Fig. 2 shows a series of transmission spectra for both TE and TM incident polarization with increasing duty-cycle for a fixed normalized thickness of 0.73. The resonance feature shifts to longer wavelengths with increased contrast as the duty cycle is increased. This strategy is however limited by the critical dimension, i.e., the airgap achievable by the lithography techniques. Patterning using electron beam lithography restricts the minimum feature size to 20-50 nm depending on the type and thickness of e-beam resist, e-beam lithography operating voltage, time of patterning and the development conditions [15] .
The angular dependence of the resonance is important as the excitation/ emission intensities are considered over certain angular range as determined by the numerical aperture (NA) of the objective lens, and this influences the observed resonance enhancement. To study the angle dependence of the grating resonances, Fig. 3 (a) and (b) shows the transmission spectra for TE and TM mode resonances obtained for varying angles of incidence for a fixed normalized thickness of 0.73 and duty cycle of 80%. At normal incidence, prominent resonances are observed at normalized wavelengths of 1.53 and 1.64 for TE and TM polarizations respectively. For increasing incidence angles, new resonance features are observed at longer wavelengths (at ∼1.75) for TE resonance, while the normal incidence resonance mode remains prominent accompanied by a red-shift for TM resonance.
The silicon nitride MCG dimensions were designed to overlap the spectral resonances with the fluorescence spectrum of fluorophores in the yellow to red spectral region. The MCG structures were optimized using finite difference time domain (FDTD -Lumerical) simulations. The transmission spectra and excitation/ emission characteristics of RITC, a typical fluorescence dye with a quantum yield of 0.9 [16] used in the experimental study to be described below are shown in Fig. 4(a) , (b). Fluorophores with similar fluorescence characteristics, such as TRITC, Alexa 550, and Texas Red, which are routinely used in ELFA arrays can also be enhanced using the same structure. For the present study, the optimum duty cycle for silicon nitride MCGs has been chosen around 80% considering the presence of dual mode region for both incident polarizations and the feasibility of fabrication of the grating structures. For a fixed silicon nitride film thickness, h = 270 nm, two different grating structures with different pitch, duty cycle combinations are considered, namely: (1) 370 nm, 78% and (2) 500 nm, 84% with the spectral features on-and off-resonance with the fluorescence spectra respectively, as shown in Fig. 4(a), (b) . This is to investigate the on-and off-resonance fluorescence enhancement due to the grating structure. Grating-1 is designed to show resonance dips at 564.8 nm and 609.1 nm with Quality factors (Q) of 152 and 52 for TE and TM polarization respectively with good overlap of the RITC spectra. Grating-2 is designed for resonances at longer wavelengths, ∼760 nm and 780 nm for TE and TM polarization respectively (not shown here), resulting in off-resonance due to relatively flat spectral feature across the RITC spectra, as shown in Fig. 4(b) . The spectral features on-resonance are attributed to crossing-type resonance in the dual-mode region [8] . The field intensity profiles shown in Fig. 4(c), (d) for grating-1 show maximum resonant intensity, |E| 2 enhancement of over 45 and 30 times, when compared to the incident light for the TE and TM incident polarizations respectively, with significant field located in the airgap region.
Device Fabrication and Experimental Characterization
The silicon nitride gratings were fabricated on a 500 micrometer thick double side polished borosilicate glass substrate using electron beam lithography with a patterned area of 1 × 1 mm 2 . The grating structures can be scaled to larger areas using stepper [17] or interference [18] lithography techniques. 270 nm thick silicon nitride film was deposited using plasma-enhanced deposition technique on the glass and PMMA-C3 resist of ∼300 nm was coated on the film. To dissipate the charges during the writing process, 10 nm aluminum layer was deposited using electron-beam evaporation, which was removed prior to the development of the resist. The underlying silicon nitride was subsequently etched with PMMA-C3 as a mask using reactive ion etching. Two different grating structures as described above were fabricated for on-and off-resonance enhancement study. The top view scanning electron microscopy (SEM) image of the fabricated gratings is shown in the inset of Fig. 5 . The mean dimensions of grating 1 and 2 as obtained using SEM are a = 82 nm, = 371 nm (duty cycle = 78%) and a = 83 nm, = 497 nm (duty cycle = 83%) respectively, showing good agreement with the intended design. To functionalize the grating surface with RITC, the gratings were first cleaned with piranha for 10 minutes, silanized and then functionalized with RITC [19] , [20] . The silanization was done by immersing the sample in 1%(v/v) 3-Aminopropyl tri-ethoxysilane (APTES) in ethanol solution for 3 hours. After multiple ethanol washes, the sample was incubated in a solution containing 20 μL of triethylamine and 3 mg of RITC in 8 mL of acetonitrile overnight. After multiple washes with acetonitrile and ethanol to remove unattached fluorophore, the sample was blow dried using nitrogen.
The transmission spectra of the fabricated gratings were measured prior to fluorophore functionalization using an UV-Vis spectrometer in the wavelength range of 500 to 700 nm, as shown in Fig. 5 , with a polarizer placed before the sample to select the incident polarizations and a circular aperture to restrict the beam size to 1 mm diameter in order to match the beam size to the grating area. The spectra show prominent resonance dips at 554 nm and 598 nm for TE and TM polarization respectively for grating-1 in Fig. 5(a) overlapping well with the RITC spectra. In contrast, grating-2 does not show any resonance feature in this spectral range of interest as shown in Fig. 5(b) . The slight discrepancy between the simulated and measured resonance positions can be attributed to variations in the actual and simulated device dimensions. The Q-factor extracted from the resonance feature are 45 and 49 for TE and TM polarizations respectively.
To characterize the enhancement of the fluorescence, fluorescent images of the sample were taken using a standard upright BX-51M fluorescence microscope [21] with lamp illumination with excitation spectral range of 515−550 nm and emission filter range set using a long-pass filter with transmission in the range of 590-650 nm. The microscope operates in the reflection mode in which the incident light is focused onto the sample by means of a dichroic mirror and low numerical aperture objective and the emitted light is imaged by a camera through the same objective. The fluorescence excitation and emission were done using 5x/0.15NA objective lens, with the aperture-stop in the excitation path partially closed to allow close to normal incidence excitation and fluorescence emission collected over the full acceptance angle of the lens (0-9°). Images were taken with two separate polarizers in the excitation and emission path of the microscope, with the background images subtracted using a reference silicon nitride thin-film on silicon substrate without the fluorophores. The photoluminescence signal from the bare silicon nitride film was below the detection level of the imaging camera. The fluorescent images and the corresponding intensity histograms for the two gratings are shown in Fig. 6 . Grating-1 enhances fluorescence more than the grating-2 due to the resonance characteristic that overlaps well with the excitation and emission spectra of RITC. The fluorescence enhancement, defined as the ratio of on-grating to off-grating fluorescence intensity is obtained as ∼10.8 times for TE-TM polarized excitation-emission respectively, consistent with the doubly resonant characteristic of the structure. Lower enhancement is observed for other polarization combinations as listed in the histogram plots of Fig. 6 . Unpolarized excitation-emission resulted in meagre enhancement (2.3 times-image not shown here) due to inefficient excitation and emission extraction from the fluorophores [22] , while TE-polarized excitation and unpolarized collection resulted in approximately half the enhancement of the TE-TM case (5.8 times-image not shown here). The enhancement was also found to consistently decrease with increasing NA of the objective lens (data not shown here) due to the inclusion of larger excitation/ emission acceptance angles reducing the effect of resonant field enhancement from the grating structures.
Discussion
To understand the experimentally observed doubly-resonant fluorescence enhancement from the grating structures, the fluorescence emission from fluorophores attached to the 1D gratings were modelled by incoherent summation of dipole emitters using FDTD based simulations. A schematic of the studied structure is shown in the inset of Fig. 7(a), (b) for the off-and on-grating cases. Plane wave excitation at normal incidence was used to simulate the excitation, representing the experimental excitation with the aperture-stop partially closed. The absorption of the incident light by the fluorophore layer was calculated as the product of field intensity profile on the structure and normalized excitation cross-section of the fluorophore integrated over the excitation wavelengths of interest, given by:
where σ ex is the normalized excitation cross section, shown in Fig. 4 , blue dashed curve and |E ex | 2 is the electric field intensity enhancement at particular position (x, z) along the structure, shown in Fig. 4(c) .
The fluorescence emission was simulated using discrete dipole emitters placed along the surface of the film or the sidewalls of the grating, as shown in the inset of Fig. 7 . The fluorescence dye coating of ∼8 nm thickness used in the experimental study (determined using Atomic Force Microscope) was modelled using a total of 47 dipoles distributed across the unit-cell. The maximum number of dipoles to be simulated was verified by a convergence test of the overall fluorescence enhancement with increasing number of dipoles placed across multiple unit cells. For each dipole emitter, the total radiated field intensity collected by the objective lens in the far-field can be represented as:
where, σ em is the normalized emission cross section of the dye, shown in Fig. 4 , red dashed curve and |E em | 2 is the intensity collected due to the radiating dipole at a given location (x, z) over the angle θ extending over the acceptance angle range of the objective lens. The fluorescence emission spectrum was obtained by incoherently summing the individual dipole emission considering all three possible emission dipole orientations (x, y or z oriented), after suitably weighing the emission with (1). The fluorescence spectrum collected using the objective lens is given as:
The structures simulated are the same as that for which resonance spectra and electric field intensity profiles are shown in Fig. 4 with resonances at 564.8 nm and 609.1 nm for TE and TM polarization respectively. Fig. 7(a) and (b) shows the fluorescence spectrum as a function of the emission wavelength, obtained off-and on-grating for four different excitation-emission polarization combinations with the peaks normalized by the maximum value of fluorescence signal (corresponding to the on-grating for TE-TM case). The excitation and emission wavelength range considered for this simulation are 515-580 nm and 590-650 nm respectively, with emission collected using an objective lens with NA = 0.15 (0 to 9 deg acceptance angle). The off-grating, thin-film fluorescence signal is found to be independent of the polarization combinations (all four curves overlap). In contrast, the on-grating fluorescence signal shows strong polarization dependence due to the resonant field enhancement and enhanced extraction of emitted radiation [22] with the fluorescence signal reaching a maximum at the emission resonance of ∼609 nm. This spectrally selective enhancement of the dye fluorescence on-grating can be attributed to the Purcell effect [23] and the associated increase in fluorescence emission rate in the presence of the grating resonance. TE emission curves show a peak at ∼648 nm due to the long wavelength resonance observed for TE polarization at increasing incidence angles, as shown in Fig. 3 . Highest fluorescence signal is obtained for excitation-emission corresponding to TE-TM as expected based on the overlap of the TE and TM resonances with the fluorescence spectrum in Fig. 4 . The overall fluorescence enhancement was calculated by taking the ratio of the total on-and off-grating fluorescence integrated across the emission wavelength range are listed in Table 1 below for various polarization combinations and compared with experimental results.
It should be noted that the spectral positions of the resonance features in the simulation and experiments being different results in the filter spectral range used for excitation and emission also being chosen differently, as listed in the respective columns of Table 1 . Irrespective of this difference, the general agreement between the simulations and experiments is good with the same order of magnitude enhancement factors. TE-TM polarization combination results in the highest enhancement in both cases. In the experimental work, the upper filter cut-off of the emission filter at ∼550 nm overlaps with the TE excitation resonance feature, resulting in lower excitation efficiency and hence a reduced fluorescence enhancement factor than predicted by simulations. Overlapping the filter bandwidth with the resonance to ensure better excitation of the TE resonance is a possible strategy for further increasing the experimental fluorescence enhancement. The experiments however show TE-TE to be the second highest when compared to TM-TM as obtained through simulations. This is most likely due to the differences in the Q-factors of the resonances in the simulations (TE:152 and TM:52) and experiments (TE:45 and TM:49) with TE showing higher Q value than TM for the simulations and vice versa for the experiments. The Q values being comparable in the experiment result in only 1.5 times higher fluorescence enhancement for TE-TM when compared to TE-TE, whereas simulations show ∼2.1 times higher fluorescence enhancement for TE-TM when compared to TM-TM. Increase in the overall fluorescence enhancement can be achieved by improving the Q-factor of the resonance by improving the etch process to create good quality sidewalls across the narrow air gaps used in the experiments. Further improvement in Q-factor can be achieved by exploring anti-crossing resonances [8] in the medium contrast grating structures, however it requires larger film thickness to fabricate the grating structures. Two-dimensional sub-wavelength grating structures will also result in polarization independent fluorescence enhancement, which will be highly desirable for biological fluorescence assays [24] .
Conclusion
The design, fabrication and experimental characterization of silicon nitride based medium contrast gratings for resonant enhancement of fluorescence from fluorophores attached to the surface of the gratings is presented. One-dimensional grating structures were designed with the objective of creating dual resonances for the excitation and emission wavelengths for TE and TM polarizations respectively. The fabricated structures exhibited resonances at 554 nm and 598 nm with Q-factors of 45 and 49 for incident TE and TM polarizations respectively. The surface of the gratings was functionalized with RITC dye and maximum fluorescence enhancement of 10.8 times was observed for excitation-collection polarizations of TE-TM. The experimental observations were corroborated with simulation studies modelling fluorescence enhancement, with excitation resonance modelled with plane-wave illumination and fluorescence emission as incoherent summation of dipole emitters. Further enhancement in fluorescence can be achieved by selecting the excitation/ emission filter range to have better overlap with the resonance spectrum of the grating structure and fluorescence spectrum and utilizing anti-crossing type resonances [8] in the MCG structures. Silicon nitride based medium contrast grating is a promising platform to fabricate CMOS-compatible, scalable structures for resonant enhancement of light-matter interaction and can find potential applications in high-sensitivity fluorescence assays. Doubly resonant gratings as discussed here are particularly attractive for nano-optics applications to selectively excite and probe specific polarizations of light interacting with dielectric nanostructures, especially to probe emerging two-dimensional layered materials.
